Genetic testing in health care can provide information to help with disease prediction, diagnosis, prognosis, and treatment. Assessing the clinical utility of genetic testing requires a process to value and weight different outcomes. This article discusses the relative merits of different economic measures and methods to inform recommendations relative to genetic testing for risk of disease, including cost-effectiveness analysis and costbenefit analysis. Cost-effectiveness analyses refer to analyses that calculate the incremental cost per unit of health outcomes, such as deaths prevented or life-years saved because of some intervention. Cost-effectiveness analyses that use preference-based measures of health state utility such as quality-adjusted life-years to define outcomes are referred to as cost-utility analyses. Cost-effectiveness analyses presume that health policy decision makers seek to maximize health subject to resource constraints. Cost-benefit analyses can incorporate monetary estimates of willingness-to-pay for genetic testing, including the perceived value of information independent of health outcomes. These estimates can be derived from contingent valuation or discrete choice experiments.
The use of genetic information in health care has both clinical and economic implications. Genetic information may be useful to various stakeholders, such as health care system decision makers (hereafter referred to as "decision makers"), practicing clinicians, and patients and their families. Genetic testing is a complex intervention that can be used to predict the risk of developing a condition; facilitate more rapid and accurate diagnoses of genetic conditions; and, by leading to earlier or more precise interventions, potentially prevent disease, prolong life, and promote health. Genetic information can aid individual and family decision-making even if the results of a genetic test do not affect clinical management or lead to a measurable effect on health. 1 However, genetic testing also can lead to follow-on testing that is invasive and expensive or the initiation of management strategies of uncertain benefit, and result in negative psychosocial effects such as fear of discrimination and complacency from negative test results that might encourage unhealthy behaviors. [2] [3] [4] Genetic-based technologies offer the prospect of information to guide clinical decision-making but will also have impacts on the use of health care resources. Assessing the clinical utility of genetic testing requires a process to value and weight different outcomes. 5, 6 In this article, we define outcomes as the effects of a health care service or intervention, which include both health outcomes such as disease or quality of life and nonhealth outcomes such as waiting time for test results or type of care delivered. Robust evidence on the economic impact of genetics tests might be considered a prerequisite to informed decision-making. Economic evaluation methods that value multiple outcomes are important to inform health policy decisions. Economic evaluations typically focus on outcome measures such as the numbers of cases of disease detected or deaths prevented; such evaluations are termed costeffectiveness analyses (CEAs). Albert Einstein famously said, "not all that counts can be counted."
The primary objective of this article was to describe how by going "beyond" cost-effectiveness analysis, it is possible to "count" additional outcomes. Specifically, this article aims to describe and discuss alternative economic methods for assess-ing the outcomes of predictive and diagnostic molecular genetic testing using tests of demonstrated analytic and clinical validity. We do not include pharmacogenetic testing, which is used to predict treatment response and inform the choice of medicine or dosing regimen, because it raises different issues in terms of measuring outcomes and impacts on the individual and family members. Likewise, we do not address applications of genetic testing outside the health care setting, such as consumer-oriented genetic profiling based on putative gene-disease associations, or the potential benefits and risks from technologies such as whole-genome sequencing. We briefly review different types of economic evaluation methods and their applications to genetic testing in health care.
ECONOMIC METHODS FOR THE EVALUATION OF OUTCOMES
Economic evaluation methods that compare costs and outcomes can be classified into two main types, CEA and costbenefit analysis (CBA). The most obvious difference is that in CBA outcomes are all expressed in monetary units and in CEA the difference in costs between two interventions is compared with the difference in health outcomes. A more fundamental difference is that a CEA provides information as to whether an intervention maximizes the health of a population in a resource-constrained health system whereas a CBA aims to determine whether social welfare, including both health and nonhealth outcomes and values, is maximized subject to societal budget constraints. CBA is used widely outside of health care, particularly in the regulatory arena, 7 whereas CEA is more common in health care. 8 -11 CEAs often take the perspective of the health care system or payer, with only costs incurred by health care providers and payers included, although it is often recommended that CEAs take the societal perspective, including costs and benefits to consumers of health care. 12 A decision-maker could potentially use CBA results to compare between health and nonhealth programs and to assess outcomes of health programs other than mortality, morbidity, and health-related quality of life. Using the results of a CBA might be problematic if a decision-maker wishes to focus only on maximizing health gain.
CEAs are used to compare the efficiency of strategies that differ in effectiveness and cost. Interventions that are both more effective in improving total health outcomes and cost less than an alternative are said to be dominant and the optimal intervention should be clear to a decision maker developing local or national policies. In situations in which a proposed new intervention has increased costs and improved outcomes relative to another strategy it becomes necessary to calculate the incremental cost-effectiveness ratio (ICER) between that pair of strategies. The ICER is the ratio in which the incremental costs are divided by the incremental outcomes. Decision makers must decide whether a particular ICER is indicative of acceptable value for their local or national context and available budget.
An important question is whether health care decision makers care only about health outcomes, as is assumed in CEA, or take a broader interest in societal welfare. [13] [14] [15] It has been argued that ethical and distributional questions need to be considered by decision makers in addition to economic efficiency. 16, 17 This presumes that health care decision makers actually pay attention to ICERs, which is likely to differ across health care settings and political jurisdictions. US health care decision makers are often reported to not make cost-effectiveness an explicit consideration, 11 whereas the National Institute for Health and Clinical Excellence in the United Kingdom requires it. 18 CEAs commonly calculate the cost per unit of "natural" health outcomes, e.g., deaths prevented or life-years saved per unit of cost. Another type of CEA, cost-utility analysis (CUA), uses preference-based measures of health state utility such as quality-adjusted life-years (QALYs). 15 The US Panel on CostEffectiveness in Health and Medicine and National Institute for Health and Clinical Excellence both recommend that CEAs use QALYs as the outcome measure, 12, 19 using CEA to encompass both CUA and CEA. Economic evaluations of diagnostic testing applications often focus on estimating the cost per additional case identified, because of the difficulties in translating outcomes to life-years or QALYs. 20 QALYs are calculated based on the perceived well-being or "utilities" respondents assign to different health states, and reflect preferences or trade-offs between health states and death. 21 An interval scale is used to describe a utility weight, where a score of "1" is said to represent "perfect" health and "0" represents death. The number of QALYs is calculated as the sum of the duration (number of years) spent in each health state multiplied by the proportional utility weight between 0 and 1 for that health state. Preference weights for the calculation of QALYs can be estimated using direct or indirect methods. Direct methods typically ask individuals, whether current patients or members of the public, to either trade off the probability of being returned to a state of full health with the probability of death (standard gamble) or of being returned to a state of full health for a given duration of time with the number of years of life that would be given up at some point in the future (time trade-off).
Commonly, generic multiattribute instruments are used to assess QALY weights. These multiattribute instruments ask individuals to give ratings to different dimensions of their life (for example, level of pain, mobility, and ability to perform day-to-day activities) for a defined period (for example, today or last month). The rating scores are combined with preference scores derived from population-based samples using time trade-off and other methods to calculate utility weights. An example is the EQ-5D (or EuroQol), which comprises five domains: mobility, self-care, usual activities, pain or discomfort, and anxiety or depression. 22 Typically, individuals with a given condition are asked to complete the EQ-5D before and after they have received an intervention under evaluation. The changes in utility weights are then compared with changes over time among a sample of patients who have not received the
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intervention. The net changes in utility weights are used to calculate the QALYs gained for the new intervention. Countryspecific recommendations in the United States and United Kingdom suggest the use of population-based utility weights. 12, 19 However, utilities estimated by members of the public with no experience of the health states do not necessarily accurately reflect the preferences of people who have experience of those health states. 23 CUAs have limitations for the economic evaluation of genetic tests and use of genetic information. First, QALYs are typically calculated only for the directly affected individual, excluding family members, 12, 21 with the exception of prenatal testing. 24, 25 Effects on other family members, which have been referred to as family spillover benefits, 26 might be particularly important in genetic testing because knowledge of a genetic risk carries potential harm and benefit to family members. 27 In particular, QALYs as measured using existing generic multiattribute instruments do not include nonhealth outcomes, which could include information to aid decision-making and empowerment 28 or "process" attributes of care, such as the nature of the consultation (e.g., offering time to talk), the location of care, the waiting time for results and the nature of any follow-up care, or whether care is coordinated and tailored to the family. 29 -31 Theoretically, it is possible to incorporate process attributes into a QALY measure using standard gamble or time trade-off methods, but in practice this is likely to require the development of new or adapted methods. 32 Nonhealth outcomes are relevant to economic evaluation from the societal perspective but may not be as relevant to health care decision makers. Health care providers, particularly in genetic services, are reported to value informed decision-making, 33 but health care payers, at least in the United States, are reported to not take into account the value of diagnostic information to health care consumers. 34 In CBA, outcomes are expressed in monetary terms and subtracted from costs to estimate net benefits. The decision rule to select the optimal intervention is that if the net benefit is positive (benefits outweigh costs), the intervention is justified in terms of increasing societal welfare. One approach to attaching monetary values to health outcomes is to estimate the direct costs of care or the "indirect" or "human capital" costs of lost economic production associated with morbidity and premature mortality that are calculated to be avoided by the intervention. 35 A second approach, which is favored by most economists, is the use of estimates of consumer "willingness-to-pay" (WTP) (or "willingness-to-accept") to value benefits in CBA. 7,36 -38 Methods to obtain WTP estimates are discussed below.
A CBA of a genetic test could be used to go beyond CEA, that by definition focuses on maximizing health gain, and use estimates of WTP to derive monetary valuations of outcomes can readily encompass both health and nonhealth outcomes and attributes. 36 -39 For example, much of the value to consumers of routine ultrasound in pregnancy, as revealed by WTP, is the value of information unrelated to its use in medical management. 40 Many parents place a positive value on knowing the diagnosis in a young child of an X-linked condition, such as Duchenne muscular dystrophy. 41 A CBA could use WTP values elicited from parents regarding testing for a condition for which treatment does not necessarily prevent mortality or morbidity. Such values would reflect the possible utility or disutility of the information in of itself.
WTP estimates can be derived using different methods, including elicitation of revealed preferences (using actual market data observing what people "buy") or stated preferences (what people say they prefer) through surveys. Revealed preference data can only be used for health care interventions that are already in practice. Stated preference methods allow estimation of preferences for new services yet to be introduced.
In one stated preference method, the maximum amount of money an individual is willing to pay is obtained via a contingent valuation (CV) questionnaire in which a respondent is asked whether he or she would be willing to pay a specified amount of money for an intervention to prevent, diagnose, or manage a condition (the health care scenario). There are a number of issues in the application of CV studies, particularly among health care systems in which patients do not normally pay for care at the point of use. WTP studies require careful design in questionnaire development and method of survey administration. How the respondent is asked to state his or her WTP can influence whether the method results in valid and reliable monetary valuation estimates for decision-making. 42 Other issues include the dependence of WTP estimates on household income and on how questions are posed. 9, [42] [43] [44] The potential of WTP estimates to inform health care policy remains largely unfulfilled mainly because of difficulties with applying the technique in practice; "most of the published CV studies [in health and health policy applications] are experimental in nature, attempting to explore measurement feasibility issues rather than being full program evaluations using CBA." 15 An alternative to CV is conjoint analysis, in which respondents are asked to rank, rate, or choose an intervention from multiple scenarios that describe health care intervention or service characteristics in order of preference. It goes beyond CV by obtaining information on the relative value of specific attributes of health care rather than just for the health care intervention or service as a package. Conjoint analysis is a stated preference technique that originated in mathematical psychology and has been widely used in market research, 45 and by economists to value preferences in areas such as transport, environmental, and health care economics. There are different types of conjoint analysis. Transport economists developed discrete choice experiments (DCEs) that are a form of conjoint analysis in which respondents make a "discrete choice" between two or more interventions or services that differ with respect to certain predefined attributes. 46 When DCEs were first used in health care the term "conjoint analysis" was inappropriately used interchangeably. The term DCE refers to a design that includes a discrete choice rather than rating or ranking type experiment. We prefer to use the term DCE because this approach is currently more widely used in health care. The design issues associated with CV are also relevant to DCEs. 47 DCEs, with the inclusion of a cost attribute that allows the indirect estimation of WTP, have been used by health economists. 31,48 -50 In addition to the WTP to avert a specified outcome, such as major depression, this method has also been used to quantify the WTP to avoid side effects of treatment, e.g., from antidepressants. 51 However, the increased use of DCEs in health care has not yet been matched by a corresponding increase in health care CBAs using DCE-derived valuations. 52 The value of DCE studies to date lies more in identifying the attributes of services that most affect people's preferences and using this information to tailor interventions than in directly informing decision-making on whether an intervention is justified on economic grounds.
A few studies have used DCEs to examine the informational value of diagnostic testing. One such study examined the perceived value of magnetic resonance imaging in knee injury, which can influence therapeutic choice but has not been shown to have long-term health benefits. 53 In a conjoint analysis of cardiac risk assessment strategies, people in both Great Britain and Italy placed a high value on prognostic information, with roughly equal values on reducing uncertainty in the prediction of risk and actual reduction in risk. 54 Physicians in both countries placed a lower value on prognostic information, on average one third as high.
GENETIC TESTING APPLICATIONS
Four systematic reviews of economic evaluations of genetic testing in general have been published in recent years. 39, [55] [56] [57] Two reviews were restricted to predictive molecular genetic tests 55, 57 and the other two reviews covered biochemical, cytogenetic, and molecular testing. 39, 56 The reviews covered different time periods and used different search criteria and databases. Despite differences, each showed that CEAs and partial economic evaluations that report data on costs and intermediate outcomes (e.g., cost per case detected) predominate in clinical genetics. The exception was for prenatal testing, for which CBAs restricted to human capital or averted medical costs as the measure of benefit have remained common. 58, 59 Relatively few CUAs and no WTP-based CBAs of genetic testing applications were identified.
Mutation testing for familial cancers has been assessed in a number of economic evaluations. Sensitivity analyses in these studies suggest that the cost-effectiveness of testing depends on the frequency of mutations in the target population, the uptake of efficacious treatments, and the alternative with which testing is compared. For example, Tengs and Berry 60 calculated that BRCA testing of the general US population would be regarded as not cost-effective at $1.6 million per QALY. They calculated that testing of women at moderately elevated risk, with a 5% probability of a mutation, would cost $34,000 per QALY, which generally would be regarded as cost-effective. The QALY estimates in that study were accounted for chiefly by gains in survival from prophylactic surgery, although they also took into account potential harms of prophylactic surgery through reductions in QALY weights.
A limitation of CEA/CUA studies of testing for inherited cancer mutations is the assumption that the value of mutation testing derives solely from the use of test results to reduce the risk of death through prophylactic surgery or chemoprevention. 61 It is known from other contexts that diagnostic or predictive testing can have both positive and negative informational utility independent of therapeutic choice, depending on individual preferences and test results. 62, 63 Women who choose to be tested for BRCA mutations often seem to be motivated more by the opportunity to benefit family members than themselves by making it easier for relatives to learn their own genetic risk. 64 Women who had no intention of using either prophylactic surgery or chemoprevention to reduce their risk of developing cancer in one study appeared just as likely to undergo mutation testing. 65 Presumably, many of those women chose testing for BRCA mutations because they thought that it could help them to reduce the risk of dying from cancer through increased surveillance (early detection), to inform relatives, to increase self-knowledge, or all of the above. However, conclusive evidence that increased surveillance in mutation carriers reduces risk of mortality is lacking. 66 The psychosocial consequences of predictive genetic testing have been best studied in Huntingdon disease (HD). One large study that tracked more than 200 individuals for 5 years after mutation testing found that most people in HD families tested experienced reduced psychological distress, regardless of whether they tested positive or negative, although 14 of 202 experienced clinically significant adverse events within 2 years of testing. 67 Intergenerational impacts of disclosure of HD genetic risk have also been studied. 68 However, the information value of predictive testing for HD has not been incorporated into economic models.
Others have noted the exclusion of psychosocial and intergenerational issues from most economic evaluations, whether specific to genetics 33 or generic. 22 Similarly, others have argued that economic evaluations of prenatal testing should consider a broader scope of utility. 26, 57 Few economic evaluations in health care in general, let alone in genetics, have attempted to measure or value family-level psychosocial outcomes, such as reassurance from an accurate test result and "spillover" effects on family members. 26 In contrast, the majority of the genetics literature evaluating the effect of genetics services and associated testing has tended to use psychosocial measures of anxiety, depression, and effects on mood. 1 In addition to their use in CUAs to inform decision makers about whether an intervention provides good value for money, QALYs based on patient preferences can potentially be used to inform clinical decisions. For women at high risk of having a BRCA mutation, prophylactic mastectomy and oophorectomy are estimated to reduce by 85-100% the risks of breast cancer and ovarian cancer, respectively. 66 However, both types of surgery can have negative effects on quality of life. Different strategies can maximize survival or utility, depending on treatment preferences. For example, one study calculated that for the typ-
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ical BRCA mutation carrier combined mastectomy and oophorectomy would maximize life expectancy whereas oophorectomy alone would maximize QALYs. 69 Similarly, for most but not all individuals with Lynch syndrome (mutation carriers for hereditary nonpolyposis colorectal cancer), prophylactic colectomy would maximize survival whereas surveillance by colonoscopy would maximize QALYs. 70 Because the optimal treatment strategy for individuals can differ based on their preferences, individual preferences should be elicited and used in shared decision-making. 71, 72 An important question for applications of genetic testing in diagnosis or prognosis is whether the instruments used to calculate QALY weights pick up all the important attributes associated with the test. In particular, existing survey instruments for calculating QALY weights might contain insufficient domains to measure all the potential outcomes from a genetic testing service, such as the ability to make an informed life decision. 33 One study of nongenetic diagnostic testing concluded that the potential psychological benefits of reassurance from a negative diagnostic test in patients with equivocal signs lowered the incremental cost-effectiveness ratio of testing from more than $100,000 per QALY to approximately $15,000 per QALY. 73 A recent study of palliative treatments for esophageal cancer adjusted QALYs for process utility but found little impact on the relative ranking of different strategies. 32 CBAs can incorporate psychosocial factors that consider other benefits or harms. WTP is able to capture negative psychosocial effects associated with genetic testing. An individual's WTP for testing is an indication of how much they value a particular good or service. A genetic test can either raise or lower anxiety depending on the results of the test. The expected value of the test to the individual consumer reflects both the expected probability of each type of result and the positive and negative emotions that would be expected to ensue. Previous CBAs of prenatal screening have made the assumption that the only quantifiable benefit is the opportunity to terminate an affected pregnancy. 30 Payne et al. 33 explored patients' and health care professionals' views about the value of other types of patient benefits from genetic services and testing.
A recent CV study assessed WTP for a hypothetical genetic test for assessing risk of hereditary colorectal cancer. The mean and median WTP for a general US online sample was $150, although 17% were unwilling to pay any amount. 74 Although the self-reported intention to obtain screening for colorectal cancer was strongly positively associated with WTP, as was family income, fewer than half the sample indicated that they would be more likely to seek colorectal cancer screening if they were found to be at elevated risk. Anyone who expressed a positive WTP and would not plan to take preventive action based on the results of the test implicitly places a positive net value on the test result information per se.
CV studies have also been used to explore preferences for alternative methods of prenatal screening for cystic fibrosis carrier status. 75 CV studies of prenatal screening have reported that WTP estimates are not very sensitive to whether a woman plans to terminate an affected pregnancy or not, indicating that some of the perceived value of prenatal diagnosis comes from benefits other than avoiding the birth of an affected fetus. 76 -78 Further research is necessary to identify and quantify the nature of these other benefits of genetic testing from the perspective of the individuals to whom testing is offered. 72 In genetics, DCEs have been applied in prenatal testing 79 and in genetic counseling in a cancer genetics service. 80 Hall et al. 81 used a DCE to investigate consumer preferences for genetic carrier testing in Tay-Sachs disease and cystic fibrosis. The DCE comprised 12 attributes and focused on the uptake of carrier testing based on provision of information before conception and presented individuals with a decision to choose more than one genetic test, which is a reflection of clinical practice. Respondents were more likely to accept testing if there was a higher risk of disease, when the accuracy of the test improved, when their doctor recommended testing, and when the price of the test decreased.
A further advantage of DCEs, in the context of genetic testing, is that they are able to evaluate both current and future tests. Because of the ability to include hypothetical scenarios, factors influencing the potential uptake (demand) for a new genetic test could be considered before the test is placed into routine clinical practice. 81 An obvious limitation of hypothetical scenarios is that stated preferences do not necessarily equate with actions if faced with real-world choices. However, a recent conjoint analysis of a Canadian choice-format survey of preferences for screening for colorectal cancer, including new and hypothetical methods, generated findings consistent with observed behaviors: one third of respondents would not choose any screening modality and the most widely available method was the least favored; cost had little effect on choices among screening methods. 82 
CONCLUSION
The large majority of economic evaluations of health care interventions, including genetic tests outside of prenatal testing, have been CEAs taking the health care system perspective. Although these can be useful for prioritizing health care resources, they are inadequate for maximizing welfare over both health and nonhealth outcomes. In this article, we have argued that CBA methods, especially DCEs, are necessary to estimate the full value of genetic testing. Because many important outcomes or attributes of genetic testing do not fit easily within traditional measures of health, CEAs do not necessarily capture the full range of outcomes that are important to health care decision makers and consumers and, hence, can provide incomplete information. Although all economic evaluation methods, including CBA, are subject to methodological limitations, we believe that the use of CV, DCE, and CBA is an important step forward in fully evaluating this area of health care, especially given the limitations of CEA in addressing several aspects of genetic testing.
